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Abstract 
 
The origin of the anomalous diagonal flux penetration is investigated in Nb square superconducting networks. The magnetic field 
dependence and heat transfer coefficient dependence of this phenomenon are observed by using the magneto-optical imaging 
method. The anomalous diagonal flux penetration occurs independent of the applied magnetic field. Flux avalanches at low 
temperatures are suppressed by depositing a thick gold layer due to the enhancement of the thermal conductivity. However, the 
diagonal flux penetration appears even in the area covered by the gold layer. Combining these observations, we conclude that flux 
avalanches do not promote the diagonal flux penetration. 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
  
With recent developments of micro-fabrication techniques, micro-structured superconductors have attracted much 
attention to use them for devices such as single-flux-quantum (SFQ) device where vortices in a superconductor are 
used as a unit of information [1]. Those devices are expected to exceed the performance of the traditional CMOS 
devices dramatically. Vortices in superconductors behave as molecules and their motions are governed by repulsive 
force among themselves and attractive force toward defects or micro-fabricated holes. Their motions are usually 
overdamped because of a large frictional force derived by pinning effect in superconductors. An enormous number of 
studies on the motion of vortices in micro-structured superconducting films have been done, such as matching effect 
[2], vortex penetration [3-6], or ratchet effect [7]. Introducing square lattice of anti-dots into a superconducting film to 
control the motion of the vortices, vortices move between nearest neighbour holes because of the attractive force 
between vortices and holes, which results in an easy direction of flux penetration along the lattice [3]. We have 
reported an anomalous flux penetration into Nb square superconducting networks that have relatively large lattice 
constants and line widths [8-11]. The flux penetrations have an easy direction along the diagonal direction of the 
square lattice. In a-MoGe square anti-dot array, diagonal flux avalanches have been observed [12]. However, the 
origin of the diagonal flux penetration is still an open question. In this paper, we report field and heat transfer 
dependence of the diagonal flux penetration into square superconducting networks to investigate the possible origin of 
this phenomenon. 
 
2. Experiments 
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 We have fabricated a finely shaped Nb square superconducting network (SN) on a Si substrate by using DC 
magnetron sputtering, photolithography, and SF6 reactive ion etching technique. The whole shape of a sample is 1.2 x 
2.0 mm2 rectangular film as shown in Fig. 1 and the thickness of the film d is 50 nm. The external magnetic field H is 
applied perpendicular to the film plane. The sample consists of six rectangular regions with dimensions of 500 x 600 
∝ m2, which have slits to concentrate external magnetic field in them. Around the slits, square holes on a square lattice 
have been fabricated with various combinations of lattice constant a, line width w. Gold film with thickness of 2.1 ∝ m 
is deposited by thermal evaporation to improve heat transfer between superconducting film and the environment [13-
17]. To demonstrate the effect of the gold film directly, only a half of the sample is covered with the gold film as 
shown in Fig. 3(c). 
 To visualize the flux penetration into the sample, we use 
magneto-optical (MO) imaging technique, in which Faraday 
effect in a magnetic garnet film is used for detecting spatial 
variation of the out-of-plane flux density B. The gap between 
the sample and the garnet film has been minimized by pushing 
down the garnet film gently by two small phosphor bronze 
plates. We use a cooled-CCD camera with 12-bit resolution 
(ORCA II-ER, Hamamatsu) and He flow cryostat 
(MicrostatHighRes II, Oxford Instruments). The obtained MO 
images are integrated over tens of images and subtracted by a 
zero field background image to improve the flux density 
resolution and to minimize the effect of artefacts originating 
from the in-plane magnetic domain and scratches on the garnet 
film [18, 19]. It should be noted that even single vortices have 
been observed by the MO imaging technique [20, 21]. 
 
3. Results and discussion 
 
 Figures 2(a)-(c) show MO images at fields from 1 to 10 Oe at 4.2 K in the SN with a = 8 ∝ m, w = 4 ∝ m. It is 
obvious that the flux mainly penetrates into the SNs from the end of the slit. The slit concentrates applied magnetic 
field as shown in Fig. 2(a) and forces vortices to penetrate from the end of the slit as shown in Fig. 2 (b). Thus the flux 
penetration from the end of the slit plays an important role to evaluate the flux penetration patterns. With increasing 
field, the flux penetrates deeper into the sample from the end of slit as shown in Figs. 2(a)-(c). Without any structure 
in the superconducting film, the flux penetration from the tip of slit is isotropic [8], which is consistent with a recent 
MO observation and simulation of vortex penetration from the concave corner [22]. On the other hand, from Fig. 2(c) 
and (d), we note that the flux penetration patterns obviously extend along a diagonal direction of the square lattice as 
observed in our previous studies [8-10]. A parallel flux penetration (PFP) pattern, which extends along the direction 
between the next-nearest neighbour anti-dots, is reported in high-Tc superconducting anti-dot array [3]. To analyse the 
flux penetration, the flux density distribution in the rectangular coordinates is converted to the polar coordinates with r 
as a distance from the end of the slit and θ as an angle from the horizontal line perpendicular to the slit as shown in Fig. 
2(b). Figure 2(d) shows an MO image of flux penetration in the polar coordinates at H = 6 Oe. Flux density has two 
peaks at θ = 45° and 135°, demonstrating clear diagonal flux penetration (DFP). The flux front is defined by the 
borderline between the Meissner region (without flux) and the Shubnikov region (with flux) and is displayed as 
contour lines at each field in Fig. 2(d). Contour lines are appended with level of the flux density of 3 times the 
standard deviation of the noise in the background by the definition for each field [23]. The flux front shows fourfold 
symmetry due to the same symmetry of the SNs [3, 8]. Ratio of flux front distance from the end of the slit, l, between 
θ = 45° and 90°, represents an easy direction of the flux penetration. Flux front distance l is defined as the position of r 
for θ. Then, a ratio of l0°/l45° represents anisotropy of flux penetration. If the ratio l0°/l45° is less than unity, DFP is 
dominant, while PFP is dominant when l0°/l45° > 1. Magnetic field dependence of the ratio l0°/l45° is plotted in Fig. 2 (e). 
It is clear that the ratio l0°/l45° is independent of the applied field. 
 Figures 3(a) and (b) show an optical image and an MO image at 4.2 K and H = 10 Oe in the area with a = 12 ∝ m 
and w = 6 ∝ m. As described in the previous section, the diagonal flux penetration is observed. In addition to the flux 
penetration from the end of the slit, flux avalanches occur from the edge of the sample (bottom of the image), which is 
caused by the thermo-magnetic instability. The morphology of the avalanche is finger-like, but occasionally shows 
diagonal progress. Widths of avalanches are about 4-5 times the lattice spacing. Figure 3(c) shows an optical image of 
the same sample with the thermal conducting gold film deposited after measurement of Fig. 3 (b). The gold layer 
covers the left half of the area. An MO image of flux penetration into this sample in the same condition as in Fig. 3(b) 
is shown in Fig. 3(d). It is obvious that the left half of the MO image has no flux avalanches, in contrast to the right 
Fig. 1 A schematic drawing of the sample geometry. 
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half, where the fingering avalanches are observed in the region without the thermal conducting layer. This result 
indicates that the thermal conducting layer prevent the fingering avalanches [13-17]. The MO image with the gold film 
is slightly blurred because the indicator film is lifted up due to finite thickness of the gold layer. The avalanches do not 
occur even when a larger magnetic field is applied. Hence, we can conclude that the flux avalanche does not promote 
the diagonal flux penetration.  
 The thermal conducting gold layer enhances the effective heat transfer coefficient from the superconducting film to 
the environment h0, which supresses the threshold temperature Tth below which fingering flux avalanches occur in 
superconducting plain films as discussed in Refs. [24, 25]. Tth in our sample without the gold film is estimated as 
about 6.5 K from the MO images. The gold film supresses Tth below 4.2 K. We discuss how much h0 is improved with 
a simple approximation to consider our sample as a plain superconducting strip with width of 600 ∝ m. h0 is estimated 
in the film limit by using Eq. (22) in Ref. [24] with assumptions that a cubic temperature dependence of the thermal 
conductivity in the superconductor κ =κ0 T Tc( )
3  with κ0 =120 W/Km2  [26], a linear temperature dependence of the 
critical current density jc = jc0 1−T Tc( )  with jc0 =1×10
7 A/cm2 , a temperature dependence of the current-voltage 
characteristics exponent n = n0 Tc T −1( )  with n0 = 40 , and an electric field E of 400 mV/m. Tth of 6.5 and 4.2 K 
correspond to h0 of 800 and 3600 W/Km2, respectively. Hence, the thermal conducting layer enhances heat transfer 
coefficient more than 5 times. On the other hand, the right angle corners of the square holes can largely enhance the 
electric field E by a factor of five as large as that at straight edges [27]. This enhancement of E at the right corner of 
square holes possibly promotes microavalanches and diagonal flux penetrations [12]. However, the diagonal flux 
penetration should occur above 8 K if E is enhanced by a factor of five with the other parameters unchanged. 
Therefore, we can conclude that the avalanches due to the enhancement of the electric field at the corner of square 
holes are not the origin of the diagonal flux penetration. 
 
4. Summary 
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Fig.2  MO images of flux penetration into a superconducting 
network with a = 8 ∝ m, w = 4 ∝ m and d = 50 nm at 4.2 K 
with H = (a) 1 Oe, (b) 6 Oe, and (c) 10 Oe. (d) MO image in 
the polar coordinates and contour lines with level of the flux 
density of 3 times the standard deviation of the noise in the 
background at field from 1 to 10 Oe. (e) Magnetic field 
dependence of the anisotropy of the flux penetration length 
along θ = 0° and 45° directions. 
Fig.3 (a) An optical micrograph of a superconducting 
network with a = 12 ∝ m, w = 6 ∝ m and d = 50 nm. (b) 
MO image at 4.2 K with H = 10 Oe. (c) An optical 
micrograph and (d) an MO image of the sample with 
the left half area covered by a gold film whose 
thickness is 2.1 ∝ m at the same conditions.  
(a)
(c) (d) with Au film without Au film
(b)
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 We have fabricated Nb square superconducting networks and investigated the origin of the anomalous diagonal 
flux penetration. The diagonal flux penetration occurs independent of the applied magnetic field. On the other hand, 
flux avalanches are suppressed by enhancing the thermal conductivity from the superconducting film to outside with 
the thermal conducting layer of the thick gold film. However, the diagonal flux penetration appears even in the area 
covered by the gold layer. All these observations lead to the conclusion that flux avalanches do not promote the 
diagonal flux penetration. 
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